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Abstract—Voltage references are crucial for various
mixed-signal and RF systems in the analog market,
including IoT, wireless technologies, and body-area
networks. In recent technological advancements, the
increasing demand for low-power, low-cost, and energy-
efficient solutions has driven the need for sub-1V voltage
reference circuits. This paper presents the design and
development of a sub 1-V voltage reference circuit for
ultra-low power applications.The MOSFET-only circuit
proposed here is compatible with CMOS fabrication in
the 180 nm node. The voltage reference circuit achieves
a stable 0.406V reference with a low line sensitivity (LS)
of only 0.2%/V over a wide source voltage range from
648mV to 3.6V. It exhibits a temperature coefficient
(TC) of 32 ppm/°C within the temperature range of
-40°C to 105°C with a power consumption of 9.9nW at
room temperature. The performance analysis includes
a comprehensive assessment considering all process
corners and statistical analysis through Monte Carlo
simulations. Furthermore, a comparison with state-
of-the-art references validates the effectiveness of the
proposed circuit.

Index Terms—Sub 1-Volt, Ultra low power, Volt-
age Reference, Line Sensitivty, Temperature Coefficient,
PSRR, Monte-Carlo simulations

I. INTRODUCTION

The expansion of Internet of Things (IoT) has
increased the demand for ultra-low-power gadgets
that can run for extended periods on battery power.
The influence of the IoT on various applications,
including business, healthcare, home automation,
and transportation, has generated much attention.
Sub-1-volt voltage reference circuits have become
an important field of research to achieve this.
These circuits give precise voltage references while
requiring little power, making them perfect for
Internet of Things applications. For a battery to
last longer, low-power chips are required. The
sub-threshold CMOS voltage reference has become
well-known due to its low-power operation among
the many voltage reference topologies. The need
for accurate voltage references under severe energy
restrictions has drawn much research attention due
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to the rise of wireless sensor networks and mobile
devices. Modern SoC applications depend heavily
on ultra-low-power voltage reference circuitry. In
the recent literature, advances in voltage reference
circuits have been reported [1]- [8].

Voltage references (VRs) are crucial for numerous
electrical systems, including test and high-precision
instrumentation. A complementary-to-absolute-
temperature(CTAT) voltage and a proportional-to-
absolute-temperature(PTAT) voltage can be scaled
and added to create a temperature-independent
reference voltage [2]. Banba et al. [9] have used
bipolar junction transistors (BJTs) to constitute a
bandgap reference (BGR) circuit. Though the circuit
mentioned above could achieve a small temperature
coefficient, the BGRs are not competitive regarding
the minimum supply voltage. The resistors in BGRs
make it difficult to decrease power consumption
without significantly expanding the surface area. The
methods proposed in [3], [7], and [8] avoid the use
of resistors and BJTs and hence, achieve compact
ultra low power VRs but with poor temperature
stability [TCs > 70 ppm]. The literature shows
that MOSFET-only reference [1]- [8] operates with
relatively lower power consumption.

This paper presents a CMOS Voltage Reference
(CVR) circuit that uses no amplifiers or passive
components to drastically reduce the temperature
coefficient of the reference voltage to supply voltage.
This study gives an overview of the numerous voltage
reference topologies, their features, and the strategies
used to increase accuracy and reduce power usage.
It also highlights some of the significant issues in
constructing sub-1 volt voltage reference circuits and
make recommendations for future research.

This paper is arranged as follows. Section II presents
the principle of operation of the designed voltage
reference circuit with the circuit diagram and and
design considerations. The simulation results and
discussions are presented in Section III. Section IV
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concludes this paper.

II. PRINCIPLE OF OPERATION

This section presents the design considerations for
creating a voltage reference circuit that operates at
extremely low power while maintaining a low average
temperature coefficient. A CMOS voltage reference
circuit is introduced, which operates with extremely
low power consumption. Despite utilizing a sub-1V
supply voltage, this circuit generates a stable output
reference voltage.

The reference voltage is obtained by combining the
CTAT and PTAT voltages [10]. By summing the
CTAT and PTAT voltages, the resulting Vppr rep-
resents a combination of temperature-dependent and
temperature-independent components, leading to a
stable output voltage.

The difference in the gate-to-source voltages of two
NMOS transistors, NM2 and NM3, in the circuit
yields the CTAT component of the voltage refer-
ence. By carefully designing and configuring the two
NMOS transistors in the circuit(with the size of NM3
greater than that of NM?2), their V55 values can be
utilized to generate a voltage that is complementary
to the absolute temperature. This means that as the
temperature increases, the CTAT voltage decreases,
and vice versa.

By measuring the difference in Vg between these
transistors, the circuit can extract the CTAT com-
ponent contributing to the overall reference voltage.
In addition to the CTAT contribution obtained from
the difference in Vg of the two NMOS transistors,
the negative feedback mechanism in the circuit also
contributes to the CTAT part of the output voltage.
The negative feedback in the circuit is intended to
keep the output voltage accurate and stable. Based
on the discrepancy between the required reference
voltage and the actual output voltage, it modifies
the transistors’ operating conditions. This feedback
mechanism plays a role in compensating for temper-
ature variations and ensuring that the output voltage
remains relatively stable over a range of temperatures.
The feedback loop monitors the output voltage and
makes the necessary adjustments to the circuit pa-
rameters, such as biasing currents or voltages to
counteract temperature-induced changes.

In the proposed circuit, the PTAT part of the output
reference voltage is generated by utilizing the voltage
drop across a diode-connected PMOS transistor.

The voltage drop across the transistor is approxi-
mately linearly proportional to the absolute tempera-
ture. By carefully selecting the biasing conditions and
the transistor parameters, such as the width (W) and
length (L) of the transistors, the voltage drop across
the diode-connected PMOS transistor can be made to
exhibit a PTAT behavior when the bias current 16 is
the near-cutoff current of PM6. This means that the
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voltage drop changes in a predictable and proportional
manner with variations in temperature.
The PTAT voltage is then combined with the CTAT
component resulting in the overall output reference
voltage, Vrpr.

In this paper, we adopt the circuit design in [7]
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Fig. 1. Schematic diagram of the Circuit

as the foundation for our current generator part. The
motivation behind this choice stems from the circuit’s
remarkable features and advantages. Line Sensitivity
(LS) has been significantly reduced in the design.
Ultra-low power consumption is made possible by
operating all transistors in the subthreshold region,
making it ideally suited for IoT applications with
limited power. The circuit construction is made sim-
pler by the lack of amplifiers or passive components,
which results in a smaller chip area and more effective
implementation. Our present generator design exhibits
the potential for improved performance and efficiency
in the chosen application sector by utilizing these
attractive qualities.

In the circuit, MOSFETs PM1 to PM4 and NM1
collectively form the current generator component
[7].In contrast to the reference paper’s current gener-
ator design, we have made an enhancement by intro-
ducing an additional diode-connected PMOS (PM4)
to improve the LS of the circuit. This current gen-
erator is responsible for providing a stable and well-
controlled current that is utilized in biasing the circuit.
By selecting the appropriate transistor sizes, biasing
conditions, and ensuring proper matching and tem-
perature compensation, the current generator based
on MOSFETs PM1 to PM4 and NM1 achieves the
desired performance in terms of current accuracy,
temperature stability, and low-power operation.

By connecting PM3 and PM4 as a diode, it creates a

Vref
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low-impedance path to ground at point A in the circuit
to diminish the sensitivity of V4 to Vpp. The voltage
at point A is frequently impacted by these fluctuations
when the Vpp varies. However, due to the presence
of the diode-connected PM3 and PM4 and the low-
impedance path it establishes, the sensitivity of V4
to Vpp is reduced. This indicates that the voltage at
point A is relatively stable even when Vpp varies. The
stability of V4 is crucial because it impacts the overall
performance of the circuit, particularly the stability
of the reference voltage .This stable Vppr helps to
minimize the impact of changes in the power supply
voltage on the circuit’s functionality (Fig.2).
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To reduce the TC, we have introduced MOSFETs
NM4 and NMS5 in the circuit [10]. In the circuit,
when the temperature increases, the currents IS5 and 16
also increase. The current I5 flows through transistors
NM2 and NM3, and the voltage at point B is deter-
mined by the difference in gate-to-source voltages of
NM3 and NM2. The sizing of NM2 and NM3 is such
that NM3 has a very high threshold voltage and is
larger than NM2.

As a result, when the current I5 increases, the gate-
to-source voltages of NM2 and NM3 need to adjust to
reflect this change. However, since NM3 is larger in
size compared to NM2, the change in gate-to-source
voltage of NM3 is very small, while the change in
NM2 is significant. This further decreases the voltage
at point B, which is the same as the gate-to-source
voltage of NMS.

Because NMS5 is less biased compared to NM4,
NM4 can handle current changes in the circuit better
than NMS5. This leads to a reduction in the voltage
drop across NMS5 and subsequently decreases the
currents I1 and I2. The current mirrors PM1 and PM2
further reduce the currents 14 and I3. Consequently,
the values of currents IS and 16 decrease.

In conclusion, the feedback network in this circuit

provides compensation, stabilizing the voltage and
current at the output. This helps reduce the temper-
ature coefficient (TC) value. Optimum adjustments
of the current throughout the circuit enable high-
temperature compensation.
MOSFETs PMS5 and PMG6 in the circuit are working
near cut-off region and hence the currents I5 and 16
are reverse saturation currents. The voltage across a
diode connected transistor is given by the equation

where Vp is the thermal voltage, Ip is the drain
current and I is the forward saturation current.

Here, Ip is the reverse saturation current 16. There-
fore, I'p and I gets cancelled and voltage drop across
PM7 becomes the thermal voltage Vp (Vp = kTT).

LS =
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Aside from the norm, we have made the voltage drop
across the diode connected transistor PM7 a PTAT
voltage.

Fig.1 displays the schematic of the temperature com-
pensated voltage reference. It consists of a current
generator part, whose current, is delivered to an active
load which provides the temperature compensated
reference voltage, Vrrr as output. The sub-threshold
current for an NMOS transistor, I, is given by

Vas — Vin
Loy = nCoxk(n — 1)Viiexp (GS“) 2)
nVr
The sub-threshold current for an PMOS transistor,
Iy is given by

Isup = nCoxk(n — 1)Viexp <VthVGS> )
nVr

where Cox is the oxide capacitance per unit area,
k is the W/L ratio of the transistor, V7 is the thermal
voltage, y is the mobility, 7 is the subthreshold slope
parameter, Vs is the gate-to-source voltage and Vy,
is the threshold voltage. Thereby gate-source voltage
of an NMOS transistor, Vg from (2) can be given
by

I,
Vas = Vin + nVrln | =22 (4)
kI

The gate-source voltage of an PMOS transistor, Vg
from (3) can be given by

Isub
Vas = Vin —nVrin (kfo ) )

where parameter I stands for Iy = uCox (n— V2.
As apparent from Fig. 1, Vrpp is given by

Verer = Ves)pur + (Vbs)vus

= (Vas)pmr + Vas)nms — (Vas)nmz  (6)

As the transistors NM2, NM3, and PM7 are operating
in subthreshold, with a bias current set to Ir. Using
(4), (6) can be re-written as follows

Veer = (Vin)nvms — (Vi) N2
kNMz)
Enws

= (Vin)pmr + (Vin) s — (Vin) N2

+Vrln (IRkPW) + Vrln (k”“) %
Iy knars

Therefore, Vrppr turns out to be the weighted
combination of terms that exhibit opposite
temperature dependence: thermal voltage Vo,
which has a positive temperature coefficient (TC),
and threshold voltage V;;,, which has a negative TC.

As a result, the TC of Vrgp can be expressed as

k K Irkprk
_ th|+nBln( REPMT NM2) ®)

OVREF _

+(Vas)par +nVrln (
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where ki, is given as ky, = 0V, /0T, Tp is the
absolute temperature, 1 is the subthreshold slope
parameter, Kp is the Boltzmann constant, q is the
electric charge, k; is the W/L ratio of the M; — th
transistor. From (8), the relation between TC and Ip
can be easily depicted. So by finding an optimum
value of (W/L) ratio of transistors PM5 and PM6,
we have tried to decrease the current I/, and thereby
decrease the dependence of Vypppr with respect to
temperature. This aids in a drastic decrease in TC
at room temperature. The schematic of the voltage
reference is shown in Fig. 1 with transistors PM1
- PM7 being PMOS and NM3 being a thick oxide
NMOS whereas NM1, NM2, NM4, and NM5 are
NMOS transistors. The (W/L) ratios of the transistors
are reported in Table I. Optimum values for W and
L for transistors were taken after performing the
parametric analysis with respect to temperature and
supply voltage.

TABLE I

TRANSISTOR SIZES[W/L ]
Transistor Circuit 2
PM1 12pum/4pm
PM2 24pm/4pm
PM3 2um/180nm
PM4 400nm/18um
PM5 40pm/1pum
PM6 Sum/3um
PM7 400nm/3um
NM1 24pum/4pm
NM2 15pum/17pm
NM3 25.3um/40um
NM4 1um/20pm
NMS5 30um/20pm

III. RESULTS AND DISCUSSION

Simulations are run on the Cadence Virtuoso Plat-
form to analyze the performance parameters. It makes
use of the UMC process development kit for the
180 nm node. Table I gives the transistor sizing. All
potential process corners are taken into account. To
evaluate the fluctuations in performance characteris-
tics of circuits in the actual fabrication environment,
statistical analysis based on Monte Carlo simulation
is used. The performance parameters of our work are
compared with the recent works on the topic. The
output reference voltage is plotted as a function of
the supply voltage in Fig.2. The LS calculated at a
nominal temperature of 27°C is 0.2%/V. The variation
of output voltage with temperature from -40 to 105°C
at different operating voltages are shown in Fig.3.
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The TC at a nominal supply voltage of 648mV is
obtained as 32ppm/°C. The values of the Temperature
Coefficient obtained after 200 runs of Monte-Carlo
simulation can be seen as a histogram in Fig.6, with
a mean value of p = 39.999ppm/°C' and standard
deviation of o = 8.892ppm/°C. The results indicate
that very good temperature compensation is achieved;
thus, a low TC could be achieved. The power con-
sumed by the circuit at 27°C is 9.9nW. From Fig.5,
PSRR of -17.4dB is obtained at I0MHz without the
use of a capacitor, and a high PSRR of about -52.6dB
is obtained at 10MHz with the use of a capacitor at the
output point. The key performance parameters of the
proposed circuit, as well as those of state-of-the-art
references, are presented in Table II for comparison.
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IV. CONCLUSION

A low-power voltage reference circuit with low-
temperature coefficient while conserving silicon area
is implemented using 0.18um CMOS process. The
achieved temperature coefficient of 32 ppm/°C in a
wide temperature range, sub-1 V reference voltage,
and excellent PSRRs with filter capacitor make this
circuit suitable for various applications, especially
those that require low power consumption. Addition-
ally, the statistical analysis based on Monte Carlo
simulation indicates that the circuit’s performance
is robust against process variations. The low power
consumption of 9.9 nW and compact active area of
0.002785 mm? further enhance the circuit’s practi-
cality and cost-effectiveness. Overall, the presented
voltage reference circuit is a promising solution for
low-power applications that demand small area and
stable performance over a wide range of operating
conditions. These circuits can be used for applications
such as wireless sensor nodes powered by energy
harvesting and implantable medical devices.

V. ACKNOWLEDGEMENT

The authors would like to thank the Special Man-
power Development Programmes Chips to System
Design (SMDP-C2SD) and Chips to Startup (SMDP-
C2S) of Ministry of Electronics and Information Tech-
nology (MeitY), Government of India for the VLSI-
CAD tool facilities.

REFERENCES

[1]1 A. Parisi, A. Finocchiaro, G. Papotto and G. Palmisano,
”Nano-Power CMOS Voltage Reference for RF-Powered
Systems,” in IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 65, no. 10, pp. 1425-1429, Oct. 2018,
doi: 10.1109/TCSIL.2018.2857626.

[2] W. Huang, L. Liu and Z. Zhu, "A Sub-200nW All-in-
One Bandgap Voltage and Current Reference Without
Amplifiers,” in IEEE Transactions on Circuits and Systems
II: Express Briefs, vol. 68, no. 1, pp. 121-125, Jan. 2021,
doi: 10.1109/TCSII1.2020.3007195.

[3] Y. Liu, C. Zhan, L. Wang, J. Tang and G. Wang, "A
0.4-V Wide Temperature Range All-MOSFET Subthreshold
Voltage Reference With 0.027%/V Line Sensitivity,” in
IEEE Transactions on Circuits and Systems II: Express
Briefs, vol. 65, no. 8, pp. 969-973, Aug. 2018, doi:
10.1109/TCSI1.2018.2794512.

[4] Luo, Hao Han, Yibin Cheung, Ray C.C. and Liang, G
and Zhu, D. (2012). ”Subthreshold CMOS voltage reference
circuit with body bias compensation for process variation.”
IET Circuits Devices Systems. 6. 198-203. 10.1049/iet-
¢ds.2011.0170.

[51 Y. Liu, C. Zhan and L. Wang, ”“An Ultralow Power
Subthreshold CMOS Voltage Reference Without Requiring
Resistors or BJTs,” in IEEE Transactions on Very Large
Scale Integration (VLSI) Systems, vol. 26, no. 1, pp.
201-205, Jan. 2018, doi: 10.1109/TVLSL.2017.2754442.

326



TABLE II
COMPARISON TABLE
Work Year | Technology | Supply TC Temp.range LS PSRR(dB) Power | Area(mm?) Vier
voltage (ppm/°C) (%IV) @ 27°C
[1] 2018 0.13um 1.1V best - 30 -40,80 2 -36dB 0.003 0.800V
mean - 100
worst - 450
[2] 2018 0.18um 2V 32.7 at -45°C -45,125 0.058 -85dB @100Hz 192nW 0.063 1.2v
89 at 125°C
[3] 2017 0.18um 0.4V 82 -40,140 0.027 -59dB @ 10Hz 9.6nW 0.021 0.210V
-47dB @ 1KHx
-53dB @ 1MHz
[4] 2011 0.13um 1.2v 48 0,100 2.655 | -51.4dB @ 100Hz - 0.0533 0.781V
[5] 2018 0.18um 1.1V 20 - min -15,140 0.28 -9 @ 10Hz 4.6nW 0.0598 0.755V
34 - typical
89 - max
[6] 2019 0.13um 1v 35 -25,85 0.15 -50 @ 100Hz 20 pW 0.003 0.560V
[7] 2019 0.18um 0.4V 89.83 -40,125 0.0154 -73dB @ 10Hz InW 0.005 0.151V
[8] 2021 0.18um 0.25V 73.5 -40,140 0.3 -65dB @ 100Hz 119pW 0.0009 0.1181V
[10] 2019 0.18um 0.95V 88 -20,80 0.073 -41dB @ 100Hz 2.4nW 0.03155 0.773V
[11] 2019 0.18um 1.2V 780 0,80 0.58 -41dB @ 100Hz 23pW 0.3820 0.27V
This Work | 2023 0.18um 648mV 32 -40,105 0.2 -44.4dB @ 100Hz | 9.9nW 0.002 0.406V
[6] H. Zhuang, X. Liu and H. Wang, ”"Voltage Reference With

[7]

[8]

[9]

[10]

[11]

[12]

Linear-Temperature-Dependent Power Consumption,” in
IEEE Transactions on Very Large Scale Integration (VLSI)
Systems, vol. 28, no. 4, pp. 1043-1049, April 2020, doi:
10.1109/TVLSI.2019.2963566.

J. Lin, L. Wang, C. Zhan and Y. Lu, "A [-nW Ultra-
Low Voltage Subthreshold CMOS Voltage Reference With
0.0154%/V  Line Sensitivity,” in IEEE Transactions on
Circuits and Systems II: Express Briefs, vol. 66, no. 10,
pp- 1653-1657, Oct. 2019, doi: 10.1109/TCSI1.2019.2920693.

H. Qiao, C. Zhan and Y. Chen, "A 40 °C to 140 °C Picowatt
CMOS Voltage Reference With 0.25-V Power Supply,” in
IEEE Transactions on Circuits and Systems II: Express
Briefs, vol. 68, no. 9, pp. 3118-3122, Sept. 2021, doi:
10.1109/TCSI1.2021.3088157.

H. Banba et al., "JA CMOS bandgap reference circuit with
sub-1-V operation,” in IEEE Journal of Solid-State Circuits,
vol. 34, no. 5, pp. 670-674, May 1999, doi: 10.1109/4.760378.

Prasannakumar, A., Abraham, N.T. Dhanaraj, K.
"MOSFETs-only sub-1-V voltage references for ultra-
low-power applications.” Analog Integr Circ Sig Process
103, 355-365 (2020). doi: 10.1007/s10470-020-01619-8

M. Choi, I. Lee, T. -K. Jang, D. Blaauw and D.
Sylvester, "A 23pW, 780ppm/°C resistor-less current
reference  using  subthreshold MOSFETs,” ESSCIRC

2014 - 40th European Solid State Circuits Conference
(ESSCIRC), Venice Lido, Italy, 2014, pp. 119-122, doi:
10.1109/ESSCIRC.2014.6942036.

N. Alhasssan, Z. Zhou and E. Sanchez Sinencio, "An All-
MOSFET Sub-1-V Voltage Reference With a —51 —dB PSR
up to 60 MHz,” in IEEE Transactions on Very Large Scale
Integration (VLSI) Systems, vol. 25, no. 3, pp. 919-928,
March 2017, doi: 10.1109/TVLSI.2016.2614438.

979-8-3503-0219-6/23/$31.00 ©2023 IEEE

327



